vided new insights into the mechanisms of neuronal and glial determination.
They have shown that clonally related cells, marked with retrovirus injection at embryonic day 16 (E 16), express the same glial or neuronal phenotype, suggesting that separate progenitors for each of these cell phenotypes exist in the ventricular zone at that stage of corticogenesis. However, it is not known if such committed progenitors are present in the ventricular zone before E 16. Another important question concerns which neurochemical features are shared by clonally related cells of the adult cerebral cortex.
In this study we have addressed the first question by injecting a retroviral vector expressing &galactosidase into the telencephalic ventricles of rat embryos at different stages (E14-E19).
In order to classify clonally related neurons in the cerebral cortex of these rats, we have used postembedding immunohistochemistry for the amino acid neurotransmitters glutamate, aspartate, and GABA. Glutamate and GABA immunoreactivity marked nonoverlapping populations of cells that corresponded to the pyramidal and nonpyramidal neuron types of the rat cerebral cortex. Clonally related neurons, marked by retrovirus injection at any day between El4 and El 9, homogeneously expressed one or other phenotype and accordingly displayed glutamate or GABA immunoreactivity.
This finding indicates that committed progenitor cells for pyramidal and nonpyramidal neurons are present in the ventricular zone before E16. To investigate whether lineage dictates other features in clonally related neurons, we performed an immunohistochemical analysis for the calcium-binding proteins calbindin, parvalbumin, and calretinin in clusters of clonally related nonpyramidal neurons. The same calcium-binding protein was rarely found in members of the same cluster, suggesting that lineage does not control the expression of calcium-binding proteins in cortical nonpyramidal neurons.
As a result of examining a large number of clonally related neurons from brains injected at different ages, we observed remarkable differences in number and laminar distribution of pyramidal and nonpyramidal neurons marked with retrovirus. Clusters of nonpyramidal neurons were usually composed of two or three cells, and resided in the cortical layers that were just being generated at the time of injection. Clusters of pyramidal neurons were larger and dispersed in several layers in the earlier injections; their size and laminar distribution were progressively reduced for later injections. The two main classes of neurons in the cerebral cortex, the pyramidal and nonpyramidal cells, have different neurochemical and physiological properties. The former are the projection neurons, which are known to exert potent excitatory action in the cortex and in subcortical target areas by releasing the excitatory amino acids L-glutamate (Glu) or L-aspartate (Asp) (Fagg and Foster, 1983; Streit, 1984; Dori et al., 1992) . The nonpyramidal neurons are the cortical interneurons, which, by releasing the inhibitory neurotransmitter GABA, have a powerful inhibitory effect on neurons of the cortex (Fagg and Foster, 1983; Sillito, 1984) . In the mature cerebral cortex, the two populations of neurons can be reliably marked by the presence of the classical neurotransmitters Glu or GABA. The numerical relationship between these two neuronal cell types is very similar in different cortical areas and in various mammalian species (Rockel et al., 1980; Hendt-y et al., 1987; Meinecke and Peters, 1987) with a large preponderance of pyramidal over nonpyramidal neurons, suggesting that their production is regulated by rigidly controlled mechanisms. Any imbalance of excitatory and inhibitory stimuli can seriously alter cortical functions leading to epileptogenesis (Traub et al., 1987) and degeneration of neuronal circuits (Mattson and Kater, 1989) . All neurons in the cerebral cortex are generated from progenitor cells in the ventricular zone and populate the six cortical layers, in an inside-out order, according to the time they are produced (Berry and Rogers, 1965; Rakic, 1974; Raedler et al., 1980; Luskin and Shatz, 1985) . In the rat, neurogenesis takes place during the last week of gestation (E 14-E2 1) (Rickmann et al., 1977; Miller, 1985) . Several lines of evidence suggest that commitment of cortical neurons to a particular phenotype takes place in the ventricular zone, where progenitor cells are actively dividing. For example, separate progenitor cells for both neocortical and hippocampal neurons and glia are thought to be present in the ventricular zone of rodents by El 6 (Luskin et al., 1988 (Luskin et al., , 1993 Barfield et al., 1990; Grove et al., 1992) . Commitment to specific cortical areas is revealed by the expression of the limbic system-associated membrane protein in young postmitotic neurons destined for the limbic cortex as early as El4 (Levitt, 1984; Barbe and Levitt, 199 l) , or by the expression of a somatosensory-associated antigen in embryonic dividing cells and their progeny grown in culture (Arimatsu et al., 1992) . Commitment to a laminar position also occurs in the ventricular zone before the final mitotic division (McConnell and Kaznowski, 199 1) .
Does cell lineage have a role in determining neuronal identity? In the invertebrate CNS, where it is possible to identify specific neuronal stem cells and to follow their progeny during development, it has been shown that lineage plays an essential role in determining neuronal phenotype (Huff et al., 1989; Witten and Truman, 199 1 a,b; Shankland and Martindale, 1992; Sternberg et al., 1992) . Such studies have provided several examples of the complex mechanisms through which lineage may control cell phenotype. Apart from producing committed precursors, lineage may confer different phenotypes to the progeny in accordance with their birth order or it may distribute receptors for local signals unequally between the progeny.
To test the hypothesis that the determination of neuronal identity in the CNS is regulated by lineage, rather than by factors intervening after a neuron has become postmitotic, the use of retroviral markers has proven very fruitful. In the chick optic tectum, a single precursor cell was shown to give rise to neurons and glia (both astrocytes and radial glia) (Gray et al., 1988; Galileo et al., 1990; Gray and Sanes, 1992) ; in the avian spinal cord, the neuroepithelial cell generates motor neurons, other types of neurons, astrocytes, and probably oligodendrocytes . However, in both cases migration along different pathways was correlated with the adoption of a distinct phenotype Gray and Sanes, 199 1, 1992) . These findings raise questions about how multipotent progenitors produce and distribute different cell types. In the vertebrate retina, progenitor cells infected with a retroviral marker have been shown to give rise to clones containing different combinations of retinal cell types Turner et al., 1990) . These data have been interpreted as a proof of lineage-independent determination of cell types in the murine retina. However, a careful consideration of the same results (Williams and Goldowitz, 1992) pointed to a progressive restriction of multipotentiality along the lineage, as already shown with other techniques (Reh, 1992) . These reports show that finding multiple phenotypes after marking precursor cells does not rule out the possibility that lineage may control cell phenotype through the birth order of the progeny.
Studies on neuronal lineages in the cerebral cortex, using retroviruses as lineage tracers, have provided conflicting results. Some authors, who identified cells on the basis of their appearance at the light microscope, reported that both pyramidal and nonpyramidal neurons can be found in single clones (Price and Thurlow, 1988; Walsh and Cepko, 1988) . Others, using ultrastructural analysis, found a striking homogeneity for pyramidal and nonpyramidal neurons in clusters ofclonally related cells labeled by injections of retrovirus at El 5 and El6 (Parnavelas et al., 199 1; Luskin et al., 1993) . This discrepancy could be due to the methods of analysis applied. On the one hand, examination of labeled cells with the light microscope does not usually reveal sufficient morphological detail to allow unequivocal classification of cell phenotype. On the other hand, few clusters of clonally related cells have so far been subjected to ultrastructural analysis. It is clear that insight into the genetic and developmental mechanisms that give rise to the fully differentiated and highly specialized cell types of the cerebral cortex requires both reliable classification as well as examination of a large number of cases. A further point of concern has been introduced recently by the report of a more widespread migration of clonally related neurons in the rat cerebral cortex (Walsh and Cepko, 1992) than had previously been postulated. However, this finding does not alter the validity of the use of the retrovirus technique to the study of lineage relationships in the cerebral cortex, as will be discussed later.
Our approach was to use postembedding immunohistochemistry to localize the inhibitory neurotransmitter GABA and the excitatory neurotransmitters Glu and Asp in clonally related cells. This approach has allowed us to classify reliably (as confirmed by ultrastructural analysis of the same cells) all clusters of clonally related fl-galactosidase-positive (P-gal +) cells in lightly infected brains injected with retrovirus at various gestational stages between El4 and El 9. The findings arising from this analysis support the hypothesis that lineage plays an important role in determining the phenotype of cortical neurons and the neurotransmitter(s) they use. We also performed a further immunohistochemical analysis in GABA-immunoreactive clonally related neurons. It consisted of the localization of three calcium-binding proteins, parvalbumin (Parv), calbindin (Calb), and calretinin (Cr), that are thought to characterize selectively subpopulations of cortical nonpyramidal neurons (Demeulemeester et al., 1989; Celio, 1990; Van Brederode et al., 1990 . The presence of these calcium-binding proteins in intrinsic neurons has been correlated with specific afferent systems (Freund and Gulyas, 199 1; Hornung and Celio, 1992) and with common physiological properties (Bairnbridge et al., 1992; Lledo et al., 1992) . We were interested whether these features could also be dictated by lineage. In this case, our study failed to demonstrate the same calcium-binding protein(s) in clonally related nonpyramidal neurons.
Finally, the examination of the distribution of cell types labeled by retrovirus injections at different embryonic ages provides new information about the possible mechanisms that produce the cortical pyramidal and nonpyramidal neuronal cell types.
Some of these results have been published in abstract form (Mione et al., 1992) .
Materials and Methods
Production of retrovirus. The BAG-retrovirus vector, containing the reporter gene encoding for Escherichiu co/i fi-galactosidase (Price et al., 1987) , was used in these studies. The replication-defective recombinant retrovirus was obtained by collecting and filtering the culture medium of psi 2 helper cells that had been transfected with BAG retrovirus. These virus-producing cells, purchased from ATCC (Rockville, MD) and subcloned to generate colonies producing a higher titer of retroviral particles, were generously given to us by Dr. M. B. Luskin (Emory University). Typically the medium contained 3 x lo6 infectious viral particles/ml as determined according to published methods (Luskin et al., 1988) . The absence of helper virus from these cultures was periodically assessed as described by Luskin et al.( 1988) .
Surgery. Female Sprague-Dawley rats were mated at night and the first day of pregnancy, as determined by the presence of a vaginal plug, was designated embryonic day 1 (El) in accordance with earlier studies of cortical neurogenesis using 3H-thymidine autoradiography (Cavanagh and Pamavelas, 1988; Altman and Bayer, 1990) . It should be noticed that some recent lineage studies (Luskin et al., 1988; Price and Thurlow, 1988; Walsh and Cepko, 1988) have designated the first day of pregnancy as EO. Pregnant rats of different gestational ages between El4 and E 19 were utilized in this study. They were anesthetized with halothane, and after exposing the uterine horns through a laparotomy, a fiber optic light source was used to transilluminate fetuses through the uterine wall, to visualize the cerebral ventricles. Approximately 1 ~1 of solution, containing 500-1000 infectious viral particles, 0.5 fig of polybrene, and 0.1 pg of fast green dye, was injected into the telencephalic ventricles of each fetus using a 30 gauge needle attached to a 25 rl Hamilton microsyringe. After all the fetuses were injected, the abdominal wall was sutured and the animals allowed to recover. Pups were born and grew normally.
Histochemistry and tissue processing. At about 2 months of age, the injected pups were deeply anesthetized with ether and perfused transcardially with a mixture of 4% paraformaldehyde and 0.2% glutaraldehyde in 0.1 M phosphate buffer (PB), pH 7.4. Brains were removed and placed in the same fixative for up to 30 min, and then transferred to PB. The cerebral hemispheres were separated, and 100~pm-thick sections were cut serially in the coronal plane using a Vibrotome. These sections were incubated overnight at room temperature in X-Gal (Sigma, U.K.), as described by Sanes et al. (1986) , to reveal &gal+ cells, processed for electron microscopy, and flat-embedded in Araldite as described previously (Luskin et al., 1993) .
Selecting clusters of clonally related cells. The P-gal+ cells in both hemispheres were mapped in camera lucida drawings of serially arranged sections. Every labeled cell was assigned to a cortical area according to Krieg (1946a) and Zilles (1985) , and to a layer according to Krieg (1946b) . In accordance with a recent report (Luskin et al., 1993) , we considered discrete clusters of closely spaced P-gal+ cells (contained within a 500 km strip of cortex and separated from any other labeled cell by at least 500 pm) to be derived from the same progenitor cell, that is, to belong to the same clone. The precise spatial organization of each cluster was mapped using a computer-aided microscope system for superimposition of serial sections (Neurotrace, InterAction Co., Cambridge, MA).
In view of the possibility of widespread dispersion of cortical clones, as reported recently by Walsh and Cepko (1992) , we included in our study only hemispheres containing a limited number (one to seven) of widely spaced clusters of&gal + cells, and displaying few isolated labeled cells. Using these restrictive criteria, we believe that we have greatly reduced the risk of "lumping" error, that is, the possibility of including P-gal+ cells from different progenitors in a single cluster (Walsh and Cepko, 1992) . We evaluated the probability that a random distribution of isolated P-gal+ cells in the volume of an adult rat cerebral cortex could result in the superimposition of randomly dispersed neurons and preexisting clusters. The distribution of randomly dispersed P-gal+ cells can be described with a binomial distribution, which gives an estimate of the probability for superimposing preexisting clusters. In this case, the probability of not superimposing randomly dispersed cells and preexisting clusters is the ratio of the volume of the cortex that is not labeled to the total volume. We applied the formula where P is the probability of superimposition of n randomly dispersed cells and x preexisting clusters, V, is the volume of the cerebral cortex in one hemisphere of an adult rat, and V,, is the volume of cortex occupied by x clusters of P-gal+ neurons. The volume of the cortex in one hemisphere was taken to be 125 mm', half of the total volume of the whole cortex as calculated by Korbo et al. (1990) . The volume of each cluster corresponded, by our definition, to the volume of a cone with radius of 250 Km and height of 2 mm (the thickness of the cortex of an adult rat is approximately 1.7 mm), that is, 0.1308 mm). To evaluate n, we considered that 50% ofall clustered P-gal+ neurons could be unrelated to their neighboring cells in the clusters, and resulted by the casual aggregation of randomly dispersed neurons. This percentage is a generous overestimation of the proportion of randomly dispersed cells when compared with the percentage reported by Walsh and Cepko (1992) ; in their study, they estimated that about 25% of all clones were not clustered. Using this calculation, we found that the probability of superimposition of randomly dispersed neurons and preexisting clusters was between 0.2% and 14.6%. This probability rose with the number of clusters and with the number of cells per cluster, thus being higher in brains injected with retrovirus at E14, where the clusters were composed of a large number of cells. In 45% of our experiments (10 of 22), the probability of superimposition of randomly dispersed neurons and preexisting clusters was less than 1%; in 36% of experiments (8 of 22) such probability was less than 5%, and only in 2 of 22 experiments (corresponding to brains injected at E14) this probability was over 10%. We also ran a computer program that simulates random positioning of clusters and isolated cells. To give an example, in the hemisphere with the largest number of P-gal+ cells there were six clusters; they were considered to be composed of half clonally related and half clonally unrelated cells. The total number of cells in these clusters was 40. Thus, we distributed randomly 20 cells (occupying a volume of 5.22 x 10m7 mm3 each) and six clusters (occupying O.-l 308 mm3 each) in one hemisphere (125 mm3) in 100,000 comnuter simulations. The oercentaee of hits between isolated cells and clusters was 12%, a value similar to-that obtained with the binomial test. Slightly lower values were obtained with the computer simulations of all our experiments compared with the statistical analysis; this approach gave a range of probabilities of superimposition of randomly dispersed cells and preexisting clusters between 0.1% and 12%. Thus, in our worst cases, random dispersion could be responsible of having placed at the most 2 cells of 40 in the wrong clusters. However, we are aware that we may not be dealing with the entire clone (Walsh and Cepko, 1992) ; thus, we refer to them as clusters of clonally related cells. All of the clusters analyzed in this study contained neurons; those composed exclusively of glial cells are listed, but their phenotypic characterization will be the subject of a separate report.
Postembedding immunohistochemistry. Every P-gal+ cell of every cluster selected for analysis was sectioned so as to obtain at least 10 semithin (0.5 pm thick) sections to be used for immunohistochemistry and a number of ultrathin sections for ultrastructural examination. Immunohistochemical and electron microscopical examinations were carried out independently by two of us. The ultrastructural criteria used to classify neuronal cell types have long been established in the literature, and were the same as those used in recent lineage studies in the rat cerebral cortex (Parnavelas et al., 1991; Luskin et al., 1993) . Prior to processing semithin sections for immunohistochemistry, a drawing of each section was made with a drawing tube, documenting the location ofthe &gal+ cells, adjacent cells, and any landmarks (i.e., blood vessels), to ensure cell identification following immunostaining. The P-gal blue reaction product was soluble in propylene oxide and disappeared during processing. Semithin sections were processed for immunohistochemistry according to the method described by DeFelipe and Jones (1992) . Briefly, resin was removed from sections using a mixture of absolute alcohol and propylene oxide (Maxwell, 1978) . Three consecutive sections of the same cell were incubated overnight with one of the following polyclonal antisera: anti-GABA (Sigma), anti-Glu, and anti-Asp (both from Amell, NewYork, NY; Hepler et al., 1988) , all diluted 1:2000 in PBS containing 0.5% Triton X-100. They were then processed with the avidin-biotin-peroxidase method using the ABC kit from Vector (U.K.), and reacted in diaminobenzidine (DAB) and hydrogen peroxide. Sections of cells that were GABA immunoreactive were incubated with polyclonal anti-Parv, anti-Cr (donated by M. Celio, University of Friburg; K?igl et al., 1987; Schwaller et al., 1993) or anti-Calb (donated by S. W. Davies, University College London; Jones and Hendry, 1989) all diluted 1:500 in PBS, containing 0.5% Triton X-100, and processed as above with the exception that 0.03% nickel ammonium sulfate was added to the DAB solution to intensify the reaction products. After immunohistochemistry, sections were dehydrated and mounted in DPX.
Results
We studied 47 clusters ofclonally related neurons from 1 1 brains using immunohistochemistry and electron microscopy. Table 1 shows the distribution, location, size, and composition of all clusters and the average number of isolated P-gal+ cells for each age of injection. All but one cluster of the 47 examined were composed of neurons only. The one exception was a mixed cluster consisting of pyramidal neurons and astrocytes. However, clusters containing exclusively glial elements were present (see Table 1 ) and their analysis will be the subject of a separate report. Before giving a detailed account of our observations on these 47 clusters, the following general points can be made; included are observations carried out in brains not listed here. (1) With only one exception, all brains injected between El4 and El 7 contained labeled glia and nonpyramidal and pyramidal neurons. Brains injected at El 8 or later in gestation contained progressively fewer clusters of nonpyramidal neurons and, for injections after E20 (E21 and early postnatal period), the only P-gal+ cells found were glia (data not shown). (2) Nonpyramidal neurons marked by retrovirus injections at El4 and El 5 were confined to the infragranular layers, while they mainly populated layers II-IV following injections at El6 or later. (3) Labeled pyramidal neurons were dispersed in all layers in brains injected in the earlier stages of neurogenesis (E14-E16), but were confined to layers II and III following later injections. (4) The majority of clusters of clonally related nonpyramidal neurons were contained in one or two adjacent layers, thus indicating that they may have been generated at the same time. This observation, together with the small size of these clusters (typically two or three cells), suggests that nonpyramidal neurons may be generated by the final division of their progenitors.
Identification of immunoreactive elements in Aralditeembedded sections of cerebral cortex The postembedding immunohistochemical protocol gave a highly reproducibile pattern of staining for all three neurotransmitter substances investigated. Moreover, the distribution of GABA-, Asp-, and Glu-immunoreactive elements was in accordance with previous reports in which preembedding immunohistochemical protocols were applied (Conti et al., 1987a; Meinecke and Peters, 1987; Dori et al., 1989) . The only exception was the degree of coexistence of Glu and Asp immunoreactivity in pyramidal neurons. A previous study in the somatosensory cortex of the rat (Conti et al., 1987b) reported that approximately 10% of all Glu-and Asp-immunoreactive neurons stained with both antisera, but in our samples this proportion was over 50%. We were particularly concerned about two possible sources of error that could invalidate our classification: (1) the localization of Glu immunoreactivity in glial cells (Ottersen and Storm-Mathisen, 1984) and (2) the presence of Asp immunoreactivity in cortical nonpyramidal neurons (Dori et al., 1989) . In our preparations, glial cells, as assessed with electron microscopy (Parnavelas et al., 1983), were not immunoreactive for Glu, Asp, or GABA. A relatively small number ofGABA-immunoreactive neurons (about 5%) were also immunoreactive for Asp in accordance with previous studies in the rat visual cortex (Dori et al., 1989) . These neurons showed features typical of nonpyramidal neurons when observed with the electron microscope (for description of features, see Parnavelas et al., 1991; Luskin et al., 1993) . We should add that GABA immunoreactivity was never visualized in pyramidal neurons, nor was Glu immunoreactivity ever present in nonpyramidal neurons. Thus, the combination of the immunostaining for all three amino acids in the same cell permits for reliable classification of every neuron. The possible combinations are listed below and have been confirmed by ultrastructural analysis of more than 200 cells, as part of clusters of clonally related cells or as single isolated P-gal+ elements: (1) GABA+, Asp-, Glu-= nonpyramidal neuron; (2) GABA+, Asp+, Glu-= nonpyramidal neuron; (3) GABA-, Asp+, Glu+ = pyramidal neuron; (4) GABA-, Asp-, Glu+ = pyramidal neuron; (5) GABA-, Asp+, Glu-= pyramidal neuron; (6) GABA-, Asp-, Glu-= glia or nonpyramidal neuron.
Distribution of GABA, Asp, and Glu immunoreactivity in clonally related neurons One hundred seventy-five of the P-gal+ neurons examined ,in this study made up 47 clusters, 23 containing only pyramidal neurons and 24 containing nonpyramidal cells (Table 1) . The pyramidal clusters included 113 cells in total that showed im- munoreactivity for Glu, Asp, or both. Immunoreactivity for Glu occurred in 95% of these cells, whereas pyramidal neurons immunoreactive for Asp only were 7 of 113. The Glu-immunonegative pyramidal neurons were found in five clusters containing cells all immunoreactive for Asp ( Table 2 ). The nonpyramidal clusters included 62 neurons that were all immunoreactive for GABA (or for GABA and Asp), except for a group of three neurons that did not show immunoreactivity for any of these amino acids (see Fig. 5 ). The group of pyramidal clusters included one mixed cluster composed of pyramidal neurons and astrocytes. In this case, the pyramidal neurons were dispersed throughout layers II-VI, while the astrocytes were tightly clustered in layer IV. Clusters of pyramidal neurons included 2-23 neurons (Table  2) . In semithin sections, the P-gal reaction product appeared as a blue ring outlining the nuclear envelope, often accompanied by two or more spots of blue reaction product located at the base of the apical and basal dendrites (Figs. 1A.B; 20; 3B). However, other pyramidal cells showed more abundant reaction product associated with the nucleoplasm and cytoplasm (Figs.  2A, 3A ). At the electron microscopic level, the reaction product was identified both in the nucleus and cytoplasm (Fig. 2B) . In the nucleus it often appeared as "puffs" along the nuclear envelope (Fig. 2B, arrows) and only occasionally within the nucleoplasm. Outside the nucleus, the P-gal reaction product usually appeared as distinct patches associated with a few organelles, such as granular endoplasmic reticulum and Golgi complex and mitochondria, and it was rarely dispersed throughout the cytoplasm. In all cases, the axosomatic synapses observed were of the symmetrical variety (Fig. 2C) . Figure 2A shows a cluster of six pyramidal neurons in the motor cortex of a brain injected with retrovirus at E16. The camera lucida drawings of these neurons showed that the processes were stained to a variable extent, which made it difficult to determine the phenotype of every one of these cells using the light microscope. However, electron microscopical examination showed that all cells displayed features typical of pyramidal neurons (Fig. 2B) , including the presence of axosomatic synapses of the symmetrical type only (Fig. 2C ). All six neurons were immunoreactive for Glu (Fig. 1 C) , two were immunoreactive for Asp (Fig. 2E ), but none was immunoreactive for GABA (Figs. 1 D, 2F) . Figure 3A shows a cluster of eight pyramidal neurons in the visual cortex of a rat injected with retrovirus at E14. All these cells were immunoreactive for Glu (Fig. 3C ), but not for GABA (Fig. 30) .
Clusters of nonpyramidal rzeurons comprised two or three cells (only once four cells) and were confined to one or two layers (Table 1, Fig. 4A ). Neurons within these clusters were immunoreactive for GABA (Figs. 1 F,H, 4E) , and very rarely (< 5%) for Asp, but they were never immunoreactive for Glu (Table 3 , Fig. 4F ). The P-gal reaction product usually filled the cytoplasm and covered the nucleus of labeled nonpyramidal neurons (Figs. lE, G; 40) . Characteristic ultrastructural features of nonpyramidal neurons (indented nucleus, rich complement of cytoplasmic organelles, presence of both symmetrical and asymmetrical axosomatic synapses) (Fig. 4B, C) were displayed by all GABA-immunoreactive neurons. Also, three neurons in a cluster (Fig. 5A ) that did not react for any of the neurotransmitters tested, had features typical of nonpyramidal neurons (Fig. 5B) . . A cluster of three P-gal+ nonpyramidal neurons in the somatosensory cortex of a rat injected with retrovirus at El6 (A). All three neurons displayed ultrastructural features typical of nonpyramidal neurons, including an indented nucleus, rich complement ofcytoplasmic organelles, and both asymmetrical and symmetrical axosomatic synapses. B shows an electron micrograph of cell c that is heavily stained after P-gal histochemistry, a feature of many nonpyramidal neurons. These cells were not immunoreactive for GABA, Glu, or Asp. Magnification (II), 8700 x .
Parvalbumin, calbindin, and calretinin immunoreactivity in clonally related nonpyramidal neurons The distribution of the calcium-binding proteins Parv, Calb, and Cr was investigated in 16 of 24 clusters of nonpyramidal neurons. In general, immunoreactivity for Parv and Calb occurred in a limited number of GABA-immunoreactive neurons, and Cr-immunoreactive neurons were less frequent. This fact reduced the chances that P-gal+ nonpyramidal neurons could express one or more of these immunoreactivities. However, in these clusters 15 of 36 P-gal+ nonpyramidal neurons were immunoreactive for Parv, 10 of 36 were immunoreactive for Calb, and 9 of 36 were immunoreactive for Cr. Despite the reasonable number of @-gal + neurons also immunoreactive for one or the other calcium-binding proteins, nonpyramidal neurons were homogeneously immunoreactive for Parv in only four clusters; a single cluster of two neurons was immunoreactive for Cr, and no cluster contained neurons homogeneously immunoreactive for Calb. Examples of this inhomogeneity are given in Figures  6 and 7 , where adjacent semithin sections of four nonpyramidal neurons, belonging to two different clusters, have been processed to reveal immunoreactivity for all three calcium-binding proteins. Coexistence among calcium-binding proteins occurred in few &gal+ cells, the most frequent coexistence being that of,Parv and Cr (in 3 cells of 36); Calb and Cr immunoreactivity occurred in the same &gal+ cell only twice, and Parv and Calb immunoreactivity coexisted in the same P-gal-t cell only once. . Light micrographs of semithin sections cut through two @-gal+ cells, which were part of a three cell cluster of nonpyramidal neurons.
The cluster was located in the temporal cortex of a rat injected at El 5. A-C show one of the two cells (arrow) in an unstained semithin section (A), after immunostaining for GABA (positive; B), and after immunostaining for Parv (positive; C). Ll-F show the other cell (arrow) in an unstained semithin section (D), after immunostaining for GABA (positive; E), and after immunostaining for Calb (positive; F). Asterisks mark the same blood vessels in consecutive sections. Note that the first cell was not immunoreactive for Calb and the other cell was not immunoreactive for Parv.
The third cell of this cluster was not immunoreactive for any of the calcium-binding proteins tested. Magnification (A-F'), 640 x .
Discussion
The present findings, obtained using immunohistochemistry for the classical amino acid neurotransmitters on BAG-infected, P-gal+ neurons, confirmed the homogeneity of clonal relatives in the cerebral cortex of the adult rat (Parnavelas et al., 1991; Luskin et al., 1993) and extended the number of clusters of clonally related cells subjected to reliable classification. Our findings may be summarized as follows. (1) Neuronal clusters are homogeneous for Glu or GABA immunoreactivity in brains injected from El4 to El 9; thus, the period during which progenitor cells committed to produce only one cell phenotype are found in the ventricular zone is extended to an earlier stage than previously documented. (2) Different calcium-binding proteins may be present in clonally related cortical nonpyramidal neurons. The pattern of expression of these proteins is therefore independent of lineage. (3) Size and laminar distribution of clusters of clonally related neurons differ substantially for the two cortical cell types; such differences were more evident for early (E 14) injections. However, the interpretation of these findings is based on the assumption that the clusters of P-gal+ cells, observed in our experiments, only include clonal relatives.
Assignment of clonal boundaries
It is mainly through statistical analysis that we can claim that the clustered &gal+ cells considered in this study are part of the same clone. Two points were taken into consideration before such analysis was carried out: (1) the rare occurrence of infection of two adjacent progenitors (Fields-Berry et al., 1992) and (2) the randomness ofthe widespread dispersion (Walsh and Cepko, 1992) . Thus, we selected only brains with a low number of infective events (see Grove et al., 1992 Grove et al., , 1993 and used statistical analysis and computer simulation to calculate the probability that random dispersion can cause aggregation of cells originating from different progenitors. These analyses were confirmed by a number of empirical observations, namely, (1) clones of glial cells that are known to remain strictly clustered in the cortex (Price and Thurlow, 1988; Price et al., 1992; Walsh and Cepko, 1992; Grove et al., 1993; Luskin et al., 1993) were never invaded by "randomly dispersed" neurons in our study-the only mixed cluster that we observed most likely represented a polyclone because of the large number of both types of cells; (2) the use of two different retroviruses in the chick optic tectum (Gray et al., 1988) where lateral migration has recently been demonstrated (Gray and Sanes, 1992; Martinez et al., 1992) did not give rise to mixed clones (i.e., clones containing progeny of cells infected by the two retroviruses); and (3) while the dramatic growth ofthe cerebral cortex during development may represent one of the main determinants of the widespread dispersion observed by Walsh and Cepko (1992) it also means that the probability of superimposition of clones (at least in lightly infected brains) is very low.
All studies carried out on the cerebral cortex with recombinant retrovirus have reported the presence of isolated "single" P-gal+ cells. Such cells may give an indication of the proportion of cells that escape from their clonal relatives, especially in lightly infected brains. In these brains, the chance that randomly migrating P-gal+ cells end up in close proximity to a cluster of other P-gal+ cells is very limited present results) . Thus, a proportion of these isolated P-gal+ cells probably represent those cells that escaped from their relatives. However, some isolated P-gal-t cells may represent the remains of a cluster whose siblings died or failed to express the reporter gene, or the very rare "one-cell clones" (Walsh and Cepko, 1988; Halliday and Cepko, 1992; M. C. Mione, unpublished observation) . In the studies of Price and colleagues and Cepko and colleagues (Austin and Cepko, 1990; Walsh and Cepko, 1992 ) "single-cell clones" represent approximately half of the total number of clones, while in the present study they were approximately 65%. We carried out some experiments to clarify the origin of these "single" P-gal+ cells. We evaluated the percentage (over the total number of clones) of single P-gal+ cells in the brains of25 rats injected with recombinant retrovirus at El6 and examined at different ages (El 9, PO, P7, P14, P28 and older). In order to verify that single P-gal+ cells observed in 100~km-thick Vibrotome sections of brains harvested at El 9 and PO were not aggregates of two or more cells, we cut 0.5-pm-thick sections through these cells, after embedding them in Araldite (see Materials and Methods). In the majority of cases, the analysis carried out in El9 brains revealed that what appeared as single P-gal+ cells in thick sections in reality were groups of two or three closely apposed P-gal+ cells. At all other ages, including PO, the counting of single P-gal+ cells in Vibrotome sections was accurate. We found that single P-gal+ cells represented 9.2% of all clones at El 9, 35.9% at PO, 44.6% at P7, 42% at P14, and 58% at P28 and in older rats. Thus, the number of "single-cell clones" originated by retrovirus injection at E 16 is given by the single P-gal+ cells already present at E 19, while the additional single P-gal+ cells appearing at PO and later must be generated differently. The increase of the percentage of single @-gal+ cells between El9 and P7 (from 9.2% to 44.6%) may be due to nonradial migration while the successive increase between P7 and adulthood (from 44.6% to 58%) may be due to death ofclonal relatives or cessation ofexpression ofthe reporter gene. Unfortunately, there are no techniques available at the present to resolve clonal boundaries in adult rats. The use of the polymerase chain reaction to distinguish different retroviral constructs in P-gal+ cells (Walsh and Cepko, 1992) has recentlv been criticized for the experimental design Grove et al., 1993; Luskin et al., 1993) . Serious technical difficulties in amplifying the retroviral constructs in all P-gal-t cells have been reported by the authors themselves (Halliday and Cepko, 1992; Cepko, 1992, 1993) .
Glu-and GABA-immunoreactive cortical neurons are phenotypically distinct cell populations since the early stages of development From a simple biochemical point of view, nonpyramidal neurons differ from pyramidal neurons in their ability to convert glutamate into GABA, which is due to the presence of the enzyme glutamic acid decarboxylase. The theories that consider nonpyramidal neurons as an evolution of some pyramidal neurons, which are largely based on morphological observations (Marin-Padilla, 1992; Vercelli et al., 1992) , should not be discarded a priori. However, a wealth of data indicate that pyramidal and nonpyramidal neurons are distinct populations of postmitotic cells since their generation and, in accordance with a number of lineage studies (Parnavelas et al., 199 1; Luskin et al., 1993) even before. The development of the Glu-and GABAimmunoreactive neurons in the embryonic cortex is consistent with the notion of two classes of pyramidal and nonpyramidal neurons of the adult cortex (Lauder et al., 1986; Erdii and Wolff, 1989; Van Eden et al., 1989; Blanton and Kriegstein, 1991; Cobas et al., 1991) . It has been suggested that the two neurotransmitters play critical roles in development by regulating differentiation and survival of other cells (Mattson, 1988; Mattson and Kater, 1989; for review, see Redburn and Schousboe, 1987; McDonald and Johnston, 1990) . Equally convincing with regard to the early distinction of these populations of neurons are the experiments of "in vitro" differentiation of CNS neuroblasts (Buse, 1990; Stichel and Miiller, 199 1) . In these lowdensity cultures, where no serum or growth factors are added, neuroblasts stop dividing and begin to differentiate. GABAimmunoreactive neurons are found in these cultures in similar proportion as in the adult cortex. Division of isolated CNS neuroblasts from E13.5-E14.5 rat embryos, obtained in the presence of survival factors (Temple, 1989) gave rise to clones that were 80% homogeneous for only one cell type (neuron or glia). However, the neuronal clones have not been subjected to further characterization to define their phenotype.
The role of lineage in determining the phenotype of CNS neurons and the neurotransmitter(s) that they express has been substantiated in a number of studies in invertebrates. In Manduca sexta, an early ablation of the corresponding neuroblasts resulted in permanent loss of GABA-immunoreactive neurons (Witten and Truman, 199 1 a, b) . Other examples of phenotypic commitment of neuroblasts were reported in cultures originated from Drosophila embryos (Huff et al., 1989) . In these experiments, neuroblasts removed as early as the gastrula stage were i n Cl onal l y Rel ated Cortical Neurons shown to be determined for the expression of S-HT or dopamine.
Clusters of pyramidal and nonpyramidal neurons d@er in number of cells and laminar location One of the findings of the present study was the striking difference in size between clusters of pyramidal and nonpyramidal neurons. The clusters of pyramidal neurons were largely predictable (for their size and laminar spread) in accordance with the time of injection. However, the clusters of nonpyramidal neurons were invariably composed of two or three cells (only in one case by four cells) and resided only in the layers that were being generated at the time of injection. This difference may be due to the fact that the two cell types may be generated by different mechanisms. Either different progenitor cells generate roughly the same number of neurons, but some nonpyramidal neurons die or migrate away from the cluster, or different progenitors generate different number of cells. With regard to the first possibility, it is highly improbable that cell death or migration would always only leave two or three clonal relatives in the same or adjacent layers, and only in those layers generated at the time of injection. The second possibility implies the presence of different progenitor cells that are committed not only to generate phenotypically different progeny, but also to undergo a different number of mitotic divisions. Thus, progenitors of nonpyramidal neurons are able to divide only once, or at the most twice, to give rise to two or three postmitotic neurons, while progenitors of pyramidal neurons produce several postmitotic cells as well as several mitotically active progeny, resulting in large clusters (up to 23 cells after injections at E 14). This may be achieved through a combination of symmetrical and asymmetrical divisions as hypothesized for the chick optic tectum and rat striatum (Halliday and Cepko, 1992) . One possible drawback of this interpretation is the origin of the progenitors of nonpyramidal neurons. While the progressive reduction of the number of cells per cluster observed in the clusters of pyramidal neurons is compatible with the cogeneration of both postmitotic neurons and dividing precursors until E20 (when the last progenitors of pyramidal neurons probably undergo their final division), progenitors of nonpyramidal neurons do not produce other dividing cells, If this was the case, we should observe larger groups, more like the clusters of pyramidal neurons. Instead, our observations suggest that progenitors of nonpyramidal neurons give rise only to two or three postmitotic neurons, in one or two rounds of divisions. The possibility that progenitors of nonpyramidal neurons represent a "dormant" population of preterminal precursors, largely mitotically quiescent, with a few undergoing mitosis from time to time can be discarded on the basis of two reports (Waechter and Jaensch, 1972; Takahashi et al., 1993) showing that the labeling indices (mitotically active population over whole cell population) of the murine ventricular zone at E14.5 are close to 1.0. However, it is possible that progenitors of nonpyramidal neurons originate from stem cells that also give rise to progenitors of other cell types. A common progenitor for different cell types of the cerebral cortex is likely to exist early in development. We propose that such progenitors coexist in the ventricular zone with the overwhelming population of committed progenitors until at least E 17 in the rat. The presence of such multipotent progenitors in the rat ventricular zone could assure the continuous production of committed nonpyramidal progenitor cells.
Models of cell lineage compatible with these observations
We feel it is important to compare the results of two main techniques used to study cortical development, that is, the retrovirus-mediated gene transfer and 3H-thymidine autoradiography. The latter method marks the two progeny of every dividing cell, regardless of their location, while the reporter gene of the retroviral vectors is incorporated only in one of the daughters of an infected cell adjacent to the ventricular wall as it undergoes mitotic division. Thus, there is a delay of one cell cycle for the retroviral marker as compared with )H-thymidine, and there is the important difference that infectable cells are restricted to those in contact with the cerebral ventricles. By injecting retroviral suspensions into rat ventricles between El 4 and E 19, we have been able to mark the following categories of cells: (1) nonpyramidal neurons, pyramidal neurons, and glia, following injections between E 14 and E 17 (comparable to E 1% El 8 3H-thymidine injections); (2) pyramidal neurons and glia, after injections between E 18 and E20 (comparable to E 19-E2 1 iH-thymidine injections); and (3) only glia elements following injections at E21 or later (comparable to E22 3H-thymidine injections).
Other investigators (Fujita, 1966; Miller, 1985) , who injected 'H-thymidine between El4 and E20, marked the last division of pyramidal and nonpyramidal neurons, but not glia. According to 3H-thymidine studies, the majority of cortical glia are generated in the perinatal and postnatal periods (Fujita, 1966; Mares and Bruckner, 1978; Skoff and Knapp, 199 1) . Differences in these results, together with the above-mentioned peculiarities of the two techniques, could mean that (1) progenitors of nonpyramidal cells divide between El4 and E20 but are localized in the ventricular zone only until El 8, (2) progenitors of pyramidal neurons divide between E 14 and E20 and are localized in the ventricular zone for the entire period, and (3) progenitors of glial cells divide between E 14 and a stage after birth and are localized in the ventricular zone for the same period, but their divisions produce glia only from E20.
These observations could support a model of sequential production of committed progenitor cells from a common multipotent progenitor (see Gray and Sanes, 1992 , for a similar model in the optic tectum), with the progenitor of the nonpyramidal neurons produced first, then that of the pyramidal neurons and, finally, the glial progenitor. A rare multipotent progenitor has been identified in microcultures of isolated ventricular zone cells (Temple, 1989) together with progenitors committed to the neuronal or glial lineage. Our data suggest that such a multipotential progenitor could be present in the ventricular zone until E 17. To comply with a model where both multipotent and committed progenitors are localized in the rat ventricular zone over a long period, it is important to see it as a heterogeneous structure, where multipotent progenitors are continously disappearing in giving rise to the committed progenitors of the various cell types.
Lineage-independent choice of calcium-binding protein The above discussion points to a lineage-dependent control of cell phenotype. However, we have not been able to find a lineage relationship for the expression of calcium-binding proteins in cortical nonpyramidal neurons. Calb, Parv, and Cr are found in different subsets of neurons in the rat cerebral cortex, with only partial overlap (for review, see Baimbridge et al., 1992) . Apart from being excellent markers of subpopulations of non-pyramidal neurons, their presence has been correlated with a variety of functions, all connected with intracellular calciun buffering and mobilization (Blaustein, 1988; Bairnbridge et al., 1992) . A strong correlation has been demonstrated between the occurrence of Parv and the fast firing properties of hippocampal interneurons (Kawaguchi et al., 1987) . Recently, the distribution of Calb DZsK has been found to overlap with that of P-type calcium channels (Hillman et al., 199 1) . These data point to a correlation between calcium-binding proteins and the functional properties of the nonpyramidal neurons that express them. The present study has shown that such properties are not inherited by clonally related nonpyramidal neurons, but are likely to be induced by environmental cues that reach the neuron at its final location. These observations are in agreement with late appearance of immunohistochemically detectable calcium-binding proteins (Enderlin et al, 1987; Sanchez et al., 1990; Solbach and Celio, 199 1) in cortical intrinsic neurons. Given the invariable association of certain afferent fibers in both cerebral cortex (serotoninergic, Hornung and Celio, 1992; GABAergic, Freund and Gulyas, 1991) and hippocampus (mossy fibers, Gulyas et al., 1992) with only nonpyramidal neurons containing one or the other calcium-binding protein, it is tempting to suggest that the expression of calcium-binding proteins in nonpyramidal neurons is driven by the kind of afferent fibers that establish contact with them. Whether and how the neurotransmitter(s) released in such contact may dictate the expression of a certain calcium-binding protein, and induce a complement of physiological properties in the contacted neuron, are not known and should be looked for in the organization of the genes for each of these calcium-binding proteins. While this finding indirectly confirms that the phenotypic homogeneity of neuronal clusters found in our experiments was not based on an incorrect sampling of our material, it indicates how the shaping of the cerebral cortex takes place through a combination of mechanisms that includes genetic determination and environmental cues.
